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Abstract 

Purpose The most efficient way to reduce the environmen¬ 
tal impact of cement production is to replace Portland ce¬ 
ment with alternative cementitious materials. These are most 
often industrial waste such as blast-furnace slags (GBFS) 
and coal combustion fly ashes (FA). However, a recent 
European directive no longer considers these products as 
waste but as by-products. Therefore, the impact of their 
production has to be considered. Within this new frame¬ 
work, this study develops an evaluation method of their 
environmental impacts. 

Method This paper presents pre-existing methods and 
underlines their limits. Through our evaluation of these 
methods, it has become clear that the allocation procedure 
is necessary; however, results depend highly on the chosen 
allocation procedure. This study presents a new allocation 
method, based on the fact that both cement and the alterna¬ 
tive materials, GBFS and FA, are produced by energy- 
intensive industries (cement iron and coal) which are all 
subjected to the European Union Greenhouse Gas 
Emission Trading System. In this carbon trading system, it 
is economically beneficial for industries to reduce their 
environmental impact, like for when, by example, by¬ 
products from one industry are used as alternative ‘green’ 
material by another industry. Our allocation coefficient is 
calculated so that the economic gains and losses are the 
same for all of the industries involved in these exchanges 
and provides the overall environmental benefit of the 
exchanges. 

Results and discussion The discussion shows that whilst 
this method has much in common with other allocation 
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methods, it is more accurate as it allocates the environmental 
costs fairly over the industries involved and is more robust 
because of its constant value. One of its limits is that it 
cannot be used for life cycle inventories; however, we test 
the possibility of choosing a coefficient from one impact 
category and applying it to all the others. 

Conclusion Lastly, the technical term of the equation this 
paper presents could be employed for consequential life 
cycle assessment, to calculate the most environmental uses 
by-products could be put to. 

Keywords Allocation • By-products • Cement • EU-ETS • 
LCA • Mineral additions 


1 Introduction 

Concrete is the most widely used construction material. It is 
currently estimated that the production is the equivalent of 
over one concrete cubic meter per person and per year 
(Gartner 2004). Concrete is made up from cement, water, 
sand and gravel. In most commercially produced concrete 
mixes, cement is the most polluting element. It is responsi¬ 
ble for in between 74 and 81 % of the concrete industry’s 
C0 2 emissions (Flower and Sanjayan 2007). It is also con¬ 
sidered that the industry’s C0 2 emissions make up between 
5 and 7 % of all anthropogenic C0 2 emissions (UNSTATS 
2010; Friedlingstein et al. 2010). To reduce their environ¬ 
mental impact, cement and concrete industries increasingly 
need to replace Ordinary Portland Cement with alternative 
cementitious materials. Most of the time, these are two 
industrial by-products: granulated blast-furnace slags 
(GBFS) from iron blast furnaces or coal combustion fly 
ashes (FA) from coal power plants (Huntzinger and 
Eatmon 2009; Habert et al. 2010). This study focuses on 
these two supplementary cementitious materials (SCM) as 
they represent the majority of the mineral additions used in 
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cement. Other important SCM are limestone filler and nat¬ 
ural pozzolans (Habert et al. 2010), but they are not waste 
from other industries and therefore do not raise the same 
problems addressed here. GBFS and FA have lower envi¬ 
ronmental impacts than cement if they are considered as 
waste from the iron or coal industries (Gartner 2004; 
Kawai et al. 2005; Flower and Sanjayan 2007; Xing et al. 
2008). However, a recent European Union directive (EU 
2008) notes that: ‘a substance or object, resulting from a 
production process, the primary aim of which is not the 
production of that item, may be regarded as not being waste 
but as being a by-product only if the following conditions 
are met: a) further use of the substance or object is 
certain; b) the substance or object can be used directly 
without any further processing other than normal indus¬ 
trial practice; c) the substance or object is produced as 
an integral part of a production process; and d) further 
use is lawful, i.e. the substance or object fulfils all 
relevant product, environmental and health protection 
requirements for the specific use and will not lead to 
overall adverse environmental or human health impacts’. 
This directive is very relevant to the use of SCMs such 
as GBFS and FA. Therefore in Europe these two mate¬ 
rials can no longer be considered as waste but instead 
as by-products. Hence, the question is what is the 
environmental cost of these by-products? 

The life cycle assessment (LCA) methodology evaluates 
the environmental impact of processes and products during 
their life cycle, from cradle to grave. It is based on the 
international standard ISO 14040 (ISO 2006). LCA has 
been used in the building sector since 1990 (Fava 2006) 
and is now a widely used methodology (Asif et al. 2007; 
Ortiz et al. 2008). According to ISO standards, when a 
production system produces more than one product, it is 
necessary to attribute an environmental burden to each 
product. To do so, the ISO standards provide different 
solutions and order in which they should be tested to see if 
they are applicable. First of all, this method consists in 
trying to avoid allocation by dividing or expanding the 
system in question. Then, if allocation is inevitable, physical 
causality, such as mass or energetic value should be used to 
allocate the environmental burden. Last of all, if the above 
solutions are not applicable, other causalities, such as eco¬ 
nomic value can be used. A previous study shows that the 
first solution, system expansion or diminution, was not 
appropriate to the cement industry (Chen et al. 2010). It 
showed that allocation was necessary for by-products from 
the steel and coal power industry. The choice of allocation 
procedure has proven to be one of the most controversial 
methodological issues in LCA, largely because it can sig¬ 
nificantly influence the results of a study (e.g. Reap et al. 
2008a; Weidema 2001; Ekvall and Finnveden 2001; 
Frichknecht 2000). For the cement industry, the results are 


drastically different depending on the allocation procedure 
chosen (Chen et al. 2010). This study aims to provide an 
allocation method for the environmental impacts of different 
SCMs that provides a reasonably low environmental burden 
for by-products. 

In this study, the proposed allocation method is based on 
the European Union Greenhouse Gas Emission Trading 
System (EU-ETS) which aims at limiting C0 2 , NO x and 
perfluorocarbon emissions of energy intensive industries 
through greenhouse gas emissions trading (EU 2009). 
Actually, it is interesting to note that most of the indus¬ 
trial activities that are submitted to the EU-ETS are 
either part of the cement industry or related to it 
through the fact that cement industry is using their 
waste. Table 1 shows the different industrial activities 
from the Annex 1 of the directive and provides a 
reference for each waste used in cement industry. As 
GBFS and FA are the most commonly used SCMs, the 
study will however still focus on iron and coal indus¬ 
tries whilst keeping in mind that the present study could 
then be extended to all the other industrial activities that 
are included in the Annex I of the EU directive. 

The allocation method chosen in this study is calcu¬ 
lated so that the economic gains and losses are the same 
for all of the industries involved in the trading of by¬ 
products and underlines the overall environmental ben¬ 
efit of the exchanges. 

2 System description 

This study only addresses the first part of cement and 
SCM’s life cycles, during their production. However, the 
restrictive focus on cradle-to-gate is justified because re¬ 
gardless of their composition all concretes have similar 
end life cycles, from gate-to-grave. Concerning the lifespan, 
we assume that cement or clinker substitution aims to reduce 
the environmental burden of concrete whilst achieving 
equivalent strength and durability performances. Therefore, 
all future comparisons in this paper take into account the EN 
206-1 standards (AFNOR 2004) under which mix-design 
concrete incorporating SCMs perform as well as concrete 
made with ordinary Portland cement. The study does not 
consider concrete with substitution rates above 50 %, as 
they represent a minority of the concrete currently produced. 
Their high carbonation rate leads to lower durability prop¬ 
erties (e.g. Osborne 1999; Sisomphon and Franke 2007; 
Habert and Roussel 2009). In this study, the comparison is 
made in order that SCM and cement provide the same 
mechanical properties. The functional unit used is then a 
mass of SCM that provides the same mechanical properties 
as 1 kg of cement. To do so, the EN 206-1 standard 
(AFNOR 2004) defines an equivalent binding capacity for 
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Table 1 Industrial activities that are submitted to the European trading scheme on 
industry 

greenhouse gas emissions : 

and their relations with the cement 

Activities 

Greenhouse 

gases 

Waste used in 
cement industry 

Reference 

Combustion of fuels in installations with a total rated thermal 

C0 2 

Fly ash+refused 

Chang et al. (1999) and 

input exceeding 20 MW (except in installations for the 


derived fuel ashes 

Barbosa et al. (2011) 

incineration of hazardous or municipal waste) 

Refining of mineral oil 

co 2 

Refused derived fuels 

Karstensen (2008) 

Production of coke 

co 2 

Finked to coke 

Sheng et al. (2007) 

Metal ore (including sulphide ore) roasting or sintering, 

co 2 

combustion (fly ash) 
Tailings 

Yi et al. (2009) 

including pelletisation 

Production of pig iron or steel (primary or secondary fusion) 

co 2 

Granulated Blast furnace 

Kourounis et al. (2007) and 

including continuous casting, with a capacity exceeding 


slag and steel slags 

Schneider et al. (2011) 

2.5 tonnes per hour 

Production or processing of ferrous metals (including 

co 2 

SiMn slag and Mn 

Frias and Rodriguez, (2008) 

ferro-alloys) where combustion units with a total rated 
thermal input exceeding 20 MW are operated. Processing 
includes, inter-alia, rolling mills, re-heaters, annealing 
furnaces, smitheries, foundries, coating and pickling 

Production of primary aluminium 

C0 2 +PFc 

oxide filter cakes 

Dross/sludge/red mud 

Pera et al. (1997) and Ewais 

Production of secondary aluminium where combustion 

co 2 

Non-metallic products 

et al. (2009) 

Shinzato and Hypolito (2005) 

units with a total rated thermal input exceeding 20 MW 
are operated 

Production or processing of non-ferrous metals, including 

co 2 

and salts 

Slags 

Shi et al. (2008) 

production of alloys, refining, foundry casting, etc., where 
combustion units with a total rated thermal input (including 
fuels used as reducing agents) exceeding 20 MW are operated 
Production of cement clinker in rotary kilns with a production 

co 2 

Cement industry 


capacity exceeding 500 tonnes/day or in other furnaces with 
a production capacity exceeding 50 tonnes/day 

Production of lime or calcination of dolomite or magnesite in 

co 2 

Cement industry 


rotary kilns or in other furnaces with a production capacity 
exceeding 50 tonnes/day 

Manufacture of glass including glass fibre with a melting 

co 2 

Waste glass 

Shi and Zheng (2007) and 

capacity exceeding 20 tonnes/day 

Manufacture of ceramic products by firing, in particular roofing 

co 2 

Fired bricks waste, waste 

Asokan et al. (2009) 
Escalante-Garcia et al. (2009) 

tiles, bricks, refractory bricks, tiles, stoneware or porcelain, 


gypsum 

and Pereira-de-Oliveira 

with a production capacity exceeding 75 tonnes/day 

Manufacture of mineral wool insulation material using glass, 

co 2 

Rock wool waste 

et al. (2012) 

Chen et al. (2011) 

rock or, slag with a melting capacity exceeding 20 tonnes/day 
Drying or calcination of gypsum or production of plaster 

co 2 

Finked to cement industry: Kuryatnyk et al. (2010) 

boards and other gypsum products, where combustion units 


calcium sulphoaluminate 

with a total rated thermal input exceeding 20 MW are operated 
Production of pulp from timber or other fibrous materials 

co 2 

clinker 

Wood saw dust, wood fibres Toledo Filho et al. (2000) 

Production of paper or cardboard with a production 

co 2 

Paper sludge 

and Turgut (2007) 

Pera and Amrouz (1998) 

capacity exceeding 20 tonnes/day 

Production of carbon black involving the carbonisation 

co 2 

Carbon black 

Chan and Wu (2000) 

of organic substances such as oils, tars, cracker and 
distillation residues, where combustion units with a 
total rated thermal input exceeding 20 MW are operated 
Production of nitric acid 

co 2 +no x 

No known use in cement 

industry 

Production of adipic acid 

co 2 +no x 

No known use in cement 

industry 

Production of glyoxal and glyoxylic acid 

co 2 +no x 

No known use in cement 

industry 

Production of ammonia 

co 2 

No known use in cement 

industry 

Production of bulk organic chemicals by cracking, 

co 2 

No known use in cement 

industry 

reforming, partial or full oxidation or by similar 

processes, with a production capacity exceeding 100 tonnes/day 

co 2 

No known use in cement 

industry 
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Table 1 (continued) 



Activities 

Greenhouse 

gases 

Waste used in Reference 

cement industry 

Production of hydrogen (H 2 ) and synthesis gas by reforming 
or partial oxidation with a production capacity exceeding 

25 tonnes/day 



Production of soda ash (Na 2 C0 3 ) and sodium bicarbonate 
(NaHC0 3 ) 

C0 2 

No known use in cement industry 

Capture of greenhouse gases from installations covered by this 
Directive for the purpose of transport and geological storage in a 
storage site permitted under Directive 2009/31/EC 

co 2 

Linked to cement industry ECRA (2009) 

Transport of greenhouse gases by pipelines for geological storage 
in a storage site permitted under Directive 2009/31/EC 

co 2 

Linked to cement industry ECRA (2009) 

Geological storage of greenhouse gases in a storage site permitted 
under Directive 2009/31/EC 

co 2 

Linked to cement industry ECRA (2009) 

Aviation: flights which depart from or arrive in an aerodrome situated 
in the territory of a Member State to which the Treaty applies 

co 2 

No known use in cement industry 


For each industrial activity, the type of waste that are used in cement industry is indicated 


additions when they are substituted to type I cement, as 
defined below: 

BE = cem + k • SCM (1) 

Where BE is the binding equivalent value (in equivalents 
per kilogramme per cubic metre), based on the targeted 
strength properties of the cement concrete, “cem” is the 
CEM I cement dosage (in kilogrammes per cubic metre), 
SCM is the dosage of SCM (in kilogrammes per cubic metre), 
and k is the coefficient specific of the additive (no unit). The k 
parameter equals to 0.6 and 0.9, for FA and GBFS, respec¬ 
tively, which means that 1 kg of fly ash will have the same 
properties as 0.6 kg of CEM I and that 1 kg of granulated blast 
furnace slag will be equivalent to 0.9 kg of cement. 


The boundaries of the system are presented in Fig. 1. A 
first option is to consider the three industrial sectors inde¬ 
pendently which is the case in most current studies (e.g. 
Flower and Sanjayan 2007). In this context, the system 
“cement production” refers to the production of fuels and 
raw materials needed to produce clinker, the emissions on 
cement kiln and then the processes associated with the 
production of cement (grinding and production of gypsum). 
The system “coal powered electricity production” refers to 
the extraction and processing of coal and the coal power 
plant’s emissions. The last system concerning “steel produc¬ 
tion” takes into account the extraction of raw materials, their 
processing in the blast furnace and the further transforma¬ 
tions to produce steel. 


Fig. 1 Detail of studied 
system. The whole system 
includes the production of steel, 
electricity and cement. It can be 
considered either as a unique 
system that has to reduce its 
C0 2 emissions either as three 
distinct systems that are 
submitted to C0 2 quotas 
emissions and between which 
exists exchange of by-products 
associated with a C0 2 weight 



COj Quotas 
for energy industry 


C0 2 Quotas 
for cement industry 


C0 2 Quotas 
for steel industry 
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When the three systems are considered independently, it 
is difficult to attribute the environmental burden of the by¬ 
products issued from the steel and electricity industry (see 
Fig. 1). The burden needs to be split between the original 
main product and the by-product. Different ways of taking 
into account the particular environmental burden of these 
products include Flower and Sanjayan (2007) who consider 
FA and GBFS used in cement production as waste from 
other industries. On the contrary Lee and Park (2005) who 
studied iron production as an individual system considered 
GBFS as a product from the iron industry which by replac¬ 
ing cement prevent additional cement production. 

Neither option appears satisfactory. This study instead of 
considering the industries one by one considers all three as a 
system. This allows it to determine the appropriate environ¬ 
mental burdens of by-products used in the cement industry. 
This perspective is backed up by current EU regulations on 
greenhouse gas emissions trading which also consider the 
three industries as a whole. 


3 Allocation method 

3.1 Description of allocation methods used for cement 

In the literature, many different allocation methods have 
been used to assess the impact of by-products both when 
they are produced and when they are transformed to be used 
in cement industry. Most of the authors (Kawai et al. 2005) 
attribute all of the environmental impact of the treatment of 
by-products to the by-products because they are being trans¬ 
formed specifically to be used in the cement and concrete 
industry. These authors respect SETAC recommendations 
(Lundie et al. 2007): first to avoid allocation procedure, they 
divide the system between a treatment process specific to 
by-products and a primary process common to main product 
and by-product; secondly, they apply the allocation proce¬ 
dure to the original industrial production which in this case 
is a multi-output process. Therefore the general presentation 
of the inventory allocation is as follows: 

fsCM = £ ’ 7 primary .process T ^treatment (2) 

7 is a vector that refers to the environmental impacts of 
SCM, C is the allocation coefficient that permits to attribute 
a percentage of the primary process impacts to the by¬ 
product. Note that in this study impacts rather than flow 
inventories are allocated, contrary to ISO 14040 standards. 
However, as the transformation from the environmental 
inventory to the environmental impacts correspond to a 
matrix that could be referred as a technology matrix 
(Heijungs 1994), allocation on impacts or flow produced 
the same results. This assumption will be discussed later in 
this paper. 


A common allocation mode is an allocation by mass 
value (ISO 2006). This procedure is often discarded because 
it attributes less impact to the main product due to the 
important mass of by-products, even though the value of 
the main product is the primary reason for the existence of 
the industry (Ekvall and Finnveden 2001). For an allocation 
by mass value, the allocation coefficient can be calculated 
with Eq. 3. 


r _ ^SCM 

^product T ^SCM 

Where m is the mass of the materials. This allocation 
method provides an equivalent importance for the main 
product and the SCM. SCMs are then considered as co¬ 
products from the primary industry. A previous study shows 
that with this allocation method the environmental impact of 
SCM are much higher than for ordinary Portland cement 
which is not reasonable as the use of these SCM as cement 
allows a true emission reduction (Chen et al. 2010). 

Another allocation mode is an allocation by economic 
value. It has already been used in civil engineering study to 
evaluate the environmental impacts of fine sand in gravel 
quarries (Schuurmans et al. 2005). It is often used in other 
industrial sectors as it highlights the driving forces of the 
industry (Ayer et al. 2007; Basset-Mens and van der Werf 
2005; Ziegler and Hanson 2003). The allocation coefficient 
can be calculated with Eq. 4. 



c = 


(€.m) 


SCM 


(€m) 


product 


+ (€.m) 


SCM 



Where (€-m) is the multiplication of mass produced and 
mass value of the materials. Eq. 4 evidences that the envi¬ 
ronmental impact of SCM is related to the percentage of the 
industry benefits coming from selling SCM products. This 
percentage is expressed as the product of the mass and the 
price of the SCM compared with the total benefits. This 
method assesses then the relative benefit for the industry to 
sell the two products. However, this method induces a 
variability of impacts due to price variations. 

Finally, these methods are restricted to the system where 
products and by-products are produced. It does not take into 
account the benefits for the other industry to use these 
waste. In other words, in Fig. 1, these allocation methods 
separate the whole system into three distinct systems (ce¬ 
ment, iron and coal). In these systems, allocation methods 
are developed to share environmental impacts of the primary 
processes between main product and by-product, but no 
consideration about the whole system and mutual benefits 
are presented. 

Other studies have considered that an appropriate method 
to calculate the environmental burdens of by-product would 
be to consider also the avoided burdens. This substitution 
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method is not clearly mentioned in the ISO standards; how¬ 
ever, several authors (Tillman et al. 1994; Heijungs and 
Guinee 2007) have shown that system expansion, which is 
mentioned in ISO 14040 and the substitution method are 
conceptually equivalent. With this method, Babbitt and 
Lindner (2008) calculate life cycle inventories for coal com¬ 
bustion fly ash by removing the environmental burdens of 
the clinker production that has been avoided by fly ash 
substitution. With this method, the allocation problem is 
not avoided. Actually, Babbitt and Lindner (2008) consider 
FA as waste, but a mass allocation method has been chosen 
in similar studies (Benetto et al. 2004; Lee and Park 2005). 
Furthermore, considering avoided burden to evaluate the 
environmental burden from cradle to gate can induce a 
double counting if this evaluation is introduced later in 
another LCA. Actually, system expansion method can be 
used in consequential LCA and within this framework it is 
coherent for the study of one product or one by-product and 
its different potential use (Thomassen et al. 2008). 
However, in the present study, the objective is to per¬ 
form an attributional LCA and with this method, system 
expansion does not respect mass conservation. For in¬ 
stance, if the impact of a concrete product made with a 
mix of sand, cement and FA is calculated with the 
respective LCA from cradle to gate of sand, cement 
and FA production, and that the FA production already 
consider a cement substitution, the mass conservation is 
not preserved. Therefore, a simple substitution method 
or a pure allocation method does not seem to be adap¬ 
ted to the specific context of construction material 
production. 

3.2 Proposed method for global warming impact 

In this study, it is proposed to consider the specificity of 
cement market in the European Union. Actually in the 
European Union elements such as FA or GBFS are consid¬ 
ered as by-product due to the EU directive on waste (EU 
2008) and a EU-ETS has been implemented since 2003. In 
this context cement, energy and iron and steel sectors are 
subjected to the same EU-ETS, and therefore, when FA or 
GBFS are substituted to cement it permits to the cement 
industry to avoid C0 2 emissions. Within the EU-ETS, ce¬ 
ment industry has then C0 2 emission quotas avoided which 
can be sold on the market. However, if an environmental 
burden is associated to SCM these emissions will be 
counted for the cement industry (that will have less C0 2 
quotas to sell) and subtracted to the primary industry 
(energy or iron and steel) that will then have C0 2 
emission quotas to sell. Depending on the allocation 
coefficient that is applied to FA and GBFS, the C0 2 
burden and its associated price will be different. In this 
study, it is therefore proposed to choose the allocation 


coefficient in order to have similar benefits for the 
industrial sectors involved. 

The cement benefits could be expressed as the relative 
benefit of selling a cement composed of GBFS (CEM III) 
compared with selling an Ordinary Portland Cement (CEM 
I). This relative benefit is the sum of the relative price 
differences between CEM III and CEM I and the relative 
benefits due to the raw material production, the production 
of the product and the C0 2 price. 

The cement benefits is expressed by the Eq. 5 


Cement bene j lt — {£ C emiii k.€ CE Mi ) + stone 
+ (k-^kUn ~ ^ treatment) + ^ CEMI'^C0 2 ~ CGBFS 




Where € C em hi is the price of 1 kg of CEM III compared 
with the price of a mass of CEM I that provides the same 
mechanical properties (F€ C em i)- k-€ stone is related to the 
avoided extraction cost of raw materials (limestone and 
clays) compared with the price cement industry has to buy 
GBFS (€ GB fs)- kiln includes the price of burning raw 
materials to 1,500 °C to produce clinker compared with 
have to vitrify and grind slags (€ treatment ). Note that even if 
clinker has to be grinded to produce cement, slags have 
to be grinded harder than clinker which induces a 
higher grinding cost. / CEM i is the global warming 
potential of 1 kg of cement and € C o 2 is the price of 
1 kg of C0 2 on the EU-ETS. k.I C EMi-€co2 refers then to 
the price of C0 2 quotas that can be sold due to the use 
of GBFS instead of Portland cement. Finally depending 
on the environmental burden associated with by-product, 
the cement industry inherits a certain amount of C0 2 . 
Q}bfs is the percentage of environmental impact from 
the primary process associated with GBFS and / iron is 
the global warming potential of the production of pig 
iron. CGBFs-Iiron-€co 2 refers then to the price of C0 2 
quotas that are associated with the slags and that are 
not allocated to the iron anymore. 

Similarly, the relative iron benefit can be expressed as 
Eq. 6: 


Ir0n ber,efit = € GBFS ^ disposal ^GBFS Iron ^ C0 2 



Where € G bfs is the price of 1 kg of GBFS sold to 
the cement industry, € disposa i is the avoided price for 
waste disposal and CGBFs.Ii r0 n-€ C o 2 i s th e benefit from 
the allocation of a certain amount of C0 2 to the 
GBFS. These C0 2 emissions are associated to the ce¬ 
ment industry and are therefore not considered to be 
emitted by the iron industry which is then a benefit on 
the EU-ETS (see Fig. 1). 

The proposed allocation aims at choosing the allocation 
coefficient C GB fs i n order to have a similar benefit between 
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cement and steel industrial sector. This can be expressed by 
Eq. 7. 


C 


BFSG 


k.I CEMI ^ CEMIII € disposal ^ GBFS ^ treatment + ^-(^ 


+ C — € 

stone ^ ^ ki\n ^ CEMI 


21 


Iron 


21 € 


Iron C0 1 



The equation of the allocation coefficient can be divided 
in two terms: a technical parameter related to the ratio of the 
impact of the amount of cement that has the same mechan¬ 
ical properties as 1 kg of SCM and the impact of the multi¬ 
output process that can produce 1 kg of SCM, and an 
economical term that is related to all prices. If one considers 
that as the objective of cement substitution is to build a new 
low carbon society and that in this post-carbon society, if 
steel and cement are still used, the price that will keep 
increasing is the price of C0 2 . Then, the price of C0 2 could 
be considered as infinite compared with other prices, which 
simplifies Eq. 7 towards an approximation that is the fol¬ 
lowing: 



k • Zcemi 


2 L 


iron 



The same reflection can be used to calculate the alloca¬ 
tion coefficient for fly ash as the same processes are in¬ 
volved. The treatment of FA is only the drying and cement 
has to be burned and grinded instead. A generic term of the 
previous equation can then be: 

r _ ^CEMI (()) 

c scm — izj - (y) 

In this expression, the allocation coefficient for the global 
warming impact of a supplementary cementitious material 
can be calculated as the ratio of the impact of the cement 
quantity that will provide the same mechanical strength 
(k'lc em i) and the impact of the process that has produced 
this SCM. 


3.3 Generalisation to all other impact categories 

Considering only the technical term of the Eq. 7, and avoid¬ 
ing the economical term, allows to highlight an interesting 
aspect of the allocation procedure that could be used for all 
the other impact categories. Actually, the ratio of the impact 
of the amount of cement that has the same mechanical 
properties as 1 kg of SCM and the impact of the multi¬ 
output process that can produce 1 kg of SCM has an envi¬ 
ronmental meaning whatever the impact category is. When 
the environmental impact of cement is similar to the impact 
of the primary process, the allocation coefficient is low, 
highlighting the fact that the substitution of the cement by 


this SCM does not provide a significant reduction of emis¬ 
sion between the two processes. On the contrary, when the 
impact of the cement production is high compared with the 
impact of the primary process, the allocation coefficient will 
be important highlighting the fact that, for this impact cat¬ 
egory, the substitution provides a true environmental im¬ 
provement by avoiding the cement production. In order to 
perform an allocation to all the different environmental 
impact categories and not only to the global warming po¬ 
tential, Eq. 9 can be applied to all the environmental impact 
categories leading to a specific value for each of them. This 
allocation vector that has a specific value for each impact 
category can then be used in Eq. 2. 


4 Application 

An application of this allocation procedure has been 
done for the two SCMs: FA and GBFS. The functional 
unit used is a mass of SCM that provides the same 
mechanical properties as 1 kg of cement. Therefore it 
has to be noted that 1 kg of CEM I is compared with 1/ 
0.6 kg of fly ash and 1/0.9 kg of slag in accordance 
with Eq. 1. 


4.1 Inventory data and impact calculation 

The all-inclusive components are calculated with the original 
system boundary of the Ecolnvent database (Kellenberger 
and Althaus 2003). A distinction has been made between the 
production of the main products and their by-products (iron 
industry and coal power plants), and the specific treatments 
made on the by-products for their introduction in cement or 
concrete. Inputs and outputs data used are presented in 
Tables 2 and 3. For more details, see Chen et al. (2010). 
Environmental impacts were evaluated using the LCA soft¬ 
ware Simapro 7.1 (Goedkoop and Oele 2004). LCA was 
performed according to the baseline method of CML01 
(Guinnee et al. 2002) that evaluates ten environmental 
impacts (abiotic depletion, global warming, ozone layer de¬ 
pletion, fresh and marine water ecotoxicity, terrestrial eco- 
toxicity, human toxicity, eutrophication, acidification and 
photochemical oxidation). 
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Table 2 Inputs for production and treatment of supplementary cementitious materials (SCM) 


Production of blast furnace slag 

Production of fly ash 


Production of cement 


Product quantity 






Pig iron (1 kg) 

GBFS (1 kg) 

Electricity (1 kWh) 

FA (1 kg) 

CEM I (1 kg) 


Process 






Furnace 

Treatment 

Coal-fired power plants 

Treatment 

Cement kiln 

Raw materials 






Sinter (kg) 

1.05 





Pellets (kg) 

0.4 





Lump ore (kg) 

0.15 





Limestone (kg) 





1.22 

Clay (kg) 





0.31 

Gypsum (kg) 





1-10" 2 

Water (m 3 ) 


0.01 

0.035 


2-10~ 4 

Energy 






Hard coal (kg) 

0.49 


0.432 


9.8-10" 3 

Electricity (kWh) 

0.1 

7.2-10” 2 


6.82-10 -3 

1.3-icr 1 

Petroleum coke (kg) 





4.5-10'~ 2 

Gaz (MJ) 


3.1610 1 


0.29 

2.3-10~ 2 

Heavy fuel oil (kg) 





1.6-10" 2 

Light distillates (kg) 





1.3-10" 2 

Waste (MJ) 





1.2 

Fuel (m 3 ) 


1.1410 -6 

1.73-10~ 4 (kg) 

1.03-10 -6 


Transport 






Boat (t km) 

1.5 




9.7-10" 2 

Train (t km) 

0.251 

310 -3 

5.09-10" 3 


1.22-10" 2 

Truck (t km) 

0.01 

5.3-10 -3 


3-10“ 3 

5.7-10" 2 

Installation (Unit) 






Blast furnace 

1.33-10" 11 





Coal thermal plant 



1.33-10~ u 



Cement plant 





6.0-10" 11 


Values set in italics are related to primary production system. Values set in bold are related to treatment processes made in order to incorporate the 
SCM in cement or concrete. The production of 1 kg of cement is presented. See text for references 


4.2 Results 

The environmental impacts of the different processes are 
presented in Table 4. Note that the impacts of the process 
that produces SCM are calculated for 1 kg of by-product. It 
is therefore different than if it was the impact for 1 kg of pig 
iron and lkWh of coal powered electricity respectively. The 
impacts shown in Table 3 are used to calculate the allocation 
coefficient in order to affect a percentage of the primary 
process for the by-product (Eq. 2). Results with the pro¬ 
posed allocation of environmental impacts between main 
products and by-products are presented in Fig. 2 for the 
ten impact categories. Figure 2 shows that with this alloca¬ 
tion procedure the environmental impact of SCM are lower 
than cement, but not negligible. For FA, they are close to 


50 % of cement impacts for most impact categories. For 
GBFS, the impacts are similar than FA for global warming 
potential, abiotic depletion and ozone layer depletion, but 
they are higher for the other impact categories. For ecotox- 
icities, GBFS have higher impacts than cement. 

5 Discussion 

5.1 Comparison to other allocation method 

In this study a new allocation procedure has been proposed. 
To evaluate the pertinence of this assumption, the results 
should be compared with other possibilities. The allocation 
coefficient with an allocation by mass value is 19.4 % as 
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Table 3 Outputs for production and treatment of SCM 


Production of blast furnace slag 

Production of fly ash 


Production of cement 

Product quantity 




Pig iron (1 kg) 
Process 

GBFS (1 kg) 

Electricity (1 kWh) 

FA (1 kg) 

CEM I (1 kg) 

Furnace 

Treatment 

Coal-fired power plants 

Treatment 

Cement kiln 

Waste 






Boues (kg) 

2 . 5 - 10" 2 





'j 

Waste water (m ) 

1 . 81 - icr 3 

0.0045 


8 . 48 - 10" 5 


Ashes (kg) 

1 . 28 - 10T 2 


2 . 88 - 10T 3 



Air emission 






Heat (MJ) 

0.49 


5.62 



Ashes (kg) 

3 . 2 - 10T 5 

1 . 29 - 10 -4 

3 . 38 - 10~ 4 

3 . 23 - 10 -5 

4 . 0 - 10 " 5 

Hydrochloric acid (HC1) 



1 . 26 - 10~ 4 


4 . 0 - 10" 6 

Sulphur oxides (SO Y ) (eq. S0 2 ) 

1 . 33 - 10~ 4 

2 . 07 - 10 -4 

4 . 54 - 10~ 3 

9 . 13 - 10" 8 

5 . 8 - 10 " 4 

H 2 S (kg) 

1 . 07 - 10" 2 

2 . 43 - 10 -4 




Carbon monoxide (CO) 

1 . 34 - 10" 3 

3 . 54 - 10 -5 

8 . 16 - 10" 5 

9 . 05 - 10" 6 

1 . 4 - ior 3 

C0 2 (kg) 

8 . 49 - 10- 1 


0.95 


8 . 1 - 10" 1 

Methane (CH 4 ) 


1 . 210 -6 

1 . 04 - 10T 5 


2 . o - ior 5 

Nitrogen oxides (NO x ) (eq. N0 2 ) 

7 . 98 - 10~ s 

2 . 17 - 10 5 

1 . 96 - 10~ 3 

1 . 75 - 10" 5 

1 . 5 - 10" 3 

Ammonia (NH 3 ) 





4 . 7 - 10~ 5 

Dioxins (kg) 

2 . 66 - 10- 15 


7 . 14 - 10" 14 



Non-methane volatile organic compounds 





5 . 0 - 10 " 5 

(NMVOC) 






Fluorine and inorganic compounds 





1 . 0 - 10~ 6 

Manganese and derivates (Mn) 

7 . 45 - 10T 8 


1 . 01 - 10~ 7 


4 . 6 - 10 " 8 

Nickel and derivates (Ni) 

1 . 6 - ior 8 


1 . 07 - 10" 7 


8 . 3 - 10" 8 

Mercury and derivates (Hg) 





1 . 2 - 10~ 8 

Copper and derivates (Cu) 





3 . 9 - 10 " 8 

Zinc and derivates (Zn) 





1 . 6 - 10" 8 

Lead (Pb) 

6 . 91 - 10" 8 


2 . 32 - 10T 7 


1 . 1 - 10~ 7 

Antimony (Sb) 





3 . 9 - 10 " 8 

Tin (Sn) 





1 . 7 - 10~ 8 

Cobalt (Co) 





1 . 4 - 10~ 8 

Cadnium (Cd) 





1 . 4 - 10~ 8 

Arsenic (As) 





8 . 0 - 10" 9 

Chromium (Cr) 





2 . 4 - 10~ 8 

Titanium (Ti) 





4 . 0 - 10 " 8 

Vanadium (V) 





4 . 6 - 10 " 8 

Selenium (Se) 





1.3-ior 8 

Tellurium (Te) 





1 . 1 - 10~ 8 

Products 






Pig Iron (kg) 

1 





Slag for cristallisation (kg) 

0.1 





Slag for granulation (kg) 

0.24 





BFSG 


1 




Electricity (kWh) 



1 



Fly ash (kg) 



0.052 

1 


Bottom ash (kg) 



0.014 



CEM I (kg) 





1 


Values set in italics are related to primary production system. Values set in bold are related to treatment processes made in order to incorporate the 
SCM in cement or concrete. The production of 1 kg of cement is presented. See text for references 
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Table 4 Environmental impacts of SCM for the different CML01 indicators 


Impact category 

Pig iron production 
(1 kg GBFS) 

BFSG Treatment 
(1 kg GBFS) 

Electricity production 
(1 kg FA) 

FA treatment 
(1 kg FA) 

Cement 
production 
(1 kg CEM I) 

Abiotic depletion (kg Sb eq.) 

6.1910 -2 

2.88- 1(T 4 

1.58-10 —1 

2.02- 1CT 4 

1.59-10 -3 

Global warming (GWP100; kg C0 2 eq.) 

6.51 

1.69-10' 2 

20.50 

5.26-10 -3 

8.44- 1CT 1 

Ozone layer depletion (kg CFC-11 eq.) 

1.07-10“ 7 

4.11-1CT 9 

1.72-1CT 7 

3.35-10 -9 

2.28-1(T 8 

Human toxicity (kg 1,4-DB eq.) 

2.06 

8.24-10“ 3 

4.09 

1.58-10 3 

4.02-10“ 2 

Fresh water aquatic ecotoxicity (kg 1,4-DB eq.) 

1.04 

1.92-10 3 

2.59-10 1 

1.76-10 4 

4.14-10 -3 

Marine aquatic ecotoxicity (kg 1,4-DB eq.) 

2.68-10 3 

10.0 

2.43-10 4 

1.93 

1.94-10 1 

Terrestrial ecotoxicity (kg 1,4-DB eq.) 

1.69-10“ 2 

1.42-itr 4 

3.66 10 -2 

1.68-10 -5 

1.17-10 -3 

Photochemical oxidation (kg C 2 H 4 eq.) 

4.3310 -3 

1.59-10 5 

5.41 -10 3 

1.93-10 6 

4.26- 10 -5 

Acidification (kg S0 2 eq.) 

2.37- 1(T 2 

3.46-10“ 4 

1.57-10 —1 

3.32-10 -5 

1.15-10 -3 

Eutrophication (kg P0 4 eq.) 

3.51-10 -3 

1.05-10 5 

8.63 10 -3 

4.94-10“ 6 

1.73-10 4 


All the impacts are calculated related to 1 kg of SCM produced. See text for references 


0.24 kg of GBFS is produced for each kilogramme of pig 
iron produced. The economic allocation can be based on a 
ratio between a slag price (40 to 90 €) and a price from pig 
iron (150 €/t) or steel (1,500 €/t) depending on the material 
considered. It leads therefore to different allocation coeffi¬ 
cients that range between 0.6 and 12.6 %. Finally if GBFS 
are considered as a waste, the allocation coefficient is null. 
Figure 3 presents different values for GBFS. It shows that the 
proposed allocation is lower than a mass allocation, which is 
in accordance with the driving force of the society as an iron 
blast furnace is designed to produce pig iron and not slags. 

Fig. 2 Environmental impacts 
of a mass of FA (1.67 kg) and 
GBFS (1.11 kg) equivalent to 
the replacement of 1 kg of 
cement CEM I with the 
allocation proposed in the study 
between the different industries. 

Calculation are made with 
CML01 method 


Compared with economic allocation based on the price ratio 
between main product and by-product (here iron and slag), the 
proposed allocation procedure induces constant value for each 
category and Fig. 3 shows the great variability that price 
variations on steel can induce. Finally, the impacts are much 
higher than if it was considered as a waste. 

5.2 Allocation on inventory or on impact 

The main limitation of this allocation procedure is the fact 
that it is calculated from the environmental impacts and not 


-GBFS 

- CEM I 


abiotic depletion 


GBFS 

FA 

CEM 1 
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Fig. 3 Environmental impacts of 1.11 kg of GBFS equivalent to the 
replacement of 1 kg of cement CEM I, depending on the chosen 
allocation procedure. The proposed allocation is compared with the 
situation where no allocation is done (GBFS as a waste) and where the 


allocation is driven by the mass or the economic value of the GBFS. 
For economic evaluation different prices have been tested leading to a 
broad variation 


from the inventories. Furthermore, as one component can 
contribute to different impact category and that with the 
proposed method, a different allocation percentage is used 
for each category; it is not possible to apply the allocation 
coefficient on the life cycle inventory. This is a serious 
limitation of the method as all allocation procedures in 
LCA are calculated from the life cycle inventory (ISO 
2006). Therefore, this method can be applied for a cradle 
to gate LCA that evaluate the environmental impact of 
cement or concrete production with SCM such as Teller et 
al. (2000), Flower and Sanjayan (2007), Huntzinger and 
Eatmon (2009) and Chen et al. (2010), but it will not be 
consistent with other LCA. To solve this problem, the allo¬ 
cation coefficient found for one environmental impact cate¬ 
gory can be used for all the others. In that situation it is 
possible to apply this coefficient to allocate the flow of 
component at the inventory realisation stage. However, the 
environmental pertinence of the allocation is reduced. One 
could argue that anyway, an allocation do not have a true 
environmental signification (Heijungs and Frischknecht 
1998) and that if it can be a percentage that is accepted by 
both industrial sectors and that reflects the fact that the by¬ 
product is not a waste anymore; then this allocation percent¬ 
age is acceptable. For the particular sector of the cement 
industry, it could also be justified to choose the allocation 


percentage calculated for the global warming potential as it 
is actually the effective driver that pushes the cement indus¬ 
try to buy FA and GBFS in order to reduce the global 
warming impact of the cement production (Parrott 2002; 
Damtoft et al. 2008). Therefore, choosing this coefficient 
for all impact categories reflect the fact that the relative 
benefit of using SCM instead of Portland cement for reduc¬ 
ing acidification or abiotic depletion is a consequence of the 
decision to use preferentially SCM than Portland cement for 
low carbon cement production. Figure 4 shows the environ¬ 
mental impacts of 1 kg of SCM when a specific allocation 
coefficient for each category is used and when the allocation 
coefficient calculated for global warming is affected to all 
categories. The environmental impacts of GBFS induced by 
an allocation coefficient based on the percentage calculated 
with Eq. 9 for global warming are slightly higher than the 
impacts calculated in a previous study for an economic 
allocation (Chen et al. 2010). For FA (see Fig. 4b), the 
allocation coefficient is exactly the same as the one calcu¬ 
lated with an economic allocation. As a conclusion, the fact 
to use the global warming impact allocation coefficient 
calculated with our method (Eq. 9) for all the impact cate¬ 
gories allows having environmental impacts similar to the 
previous one found with economic allocation but they will 
not be sensitive to price fluctuations anymore. 
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s 


Fig. 4 Environmental impacts of SCM equivalent to the replacement 
of 1 kg of cement CEM I, depending on the chosen allocation proce¬ 
dure: a 1.11 kg of GBFS is compared with 1 kg of CEM I and b 
1.67 kg of FA is compared with 1 kg of CEM I. The fair allocation 


proposed in this study is calculated with Eq. 9 either with a different 
allocation coefficient for each impact category or with the same coef¬ 
ficient for all categories. Economic allocation comes from Chen et al. 
( 2010 ) 
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5.3 Waste management 

Lastly, the interest of this allocation coefficient, if not used 
as an allocation procedure, can be to evaluate in which 
industrial sector the use of the by-product can be the most 
useful from an environmental point of view. In other word, 
if the LCA methodology is not attributional but consequen¬ 
tial (Thomassen et al. 2008) the upper part of the fraction in 
Eq. 9 will be different for each application where the by¬ 
product is used. From the point of view of the by-product 
producer, it is interesting to look for the highest ratio, 
because the environmental load that is put on the by¬ 
product is unloaded from its main product that has therefore 
an environmental advantage. Increasing this allocation co¬ 
efficient can be made either by choosing the industrial sector 
that induces the highest ratio between the impact of the 
substituted material production process and the by-product 
production primary process. The practical application in 
civil engineering is to prefer using Blast furnace slag to 
replace cement rather than gravel for road sub-base as it is 
currently done. The other option is to improve the treatment 
process of the by-product in order to give it a high efficiency 
for the substitution (increasing k). This aspect can be illus¬ 
trated in cement industry by the fact that there exists a large 
variability of FA quality leading to k between 0.4 and 0.7. 
Improving the process in order to improve the treatment of 
FA induces, with this allocation mechanism, a reduction in 
the environmental load of electricity which can be justified 
by the fact that it better replace the cement. 

All these aspects should be better studied in further 
research as it seems that the main interest of the allocation 
procedure proposed in this study might not be the allocation 
coefficient for life cycle inventories of SCM but rather a 
more general interest to qualify the efficiency of waste 
management. 

6 Conclusions 

The allocation method proposed in this study is robust as it 
gives a constant value. However, if it is calculated for each 
impact categories, it cannot be used for the life cycle inven¬ 
tories. This seriously limits its use. A possibility is to choose 
a coefficient from one impact category and to apply it to all 
the others. This reduces the environmental significance of 
the method, but as allocation procedure do not have a true 
environmental significance in itself, it is not a real limita¬ 
tion. For the specific question of SCM in cement industry, 
this calculation allows to have a trend that is similar to the 
economic allocation calculated previously (Chen et al. 
2010) but with a constant ratio independent of prices fluc¬ 
tuations. Finally, the technical term of the allocation coeffi¬ 
cient calculated in this study could have an interest for 


consequential FCA studies. Actually, it can be used to 
evaluate, from an environmental point of view, in which 
industrial sector the use of the by-product would be the most 
beneficial. It could also be an incitative method to improve 
the treatment of this by-product in order to increase the 
substitution rate of the by-product. 
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